( 1.8 nm), stability, and coherent reproducibility of optical spectra. 18, 19 These advances open up a different length scale for plasmonics, where genuine quantum effects like quantization of electron energy levels, electron-density spill-out, and reduced surface d-electron screening become important. An example of the peculiar LSPR phenomenology emerging in this regime is the suppression of transverse plasmonic modes due to the quantization of electron energy levels in ultrathin Au rods. 14 As anticipated above, apart from their robustness against purely quantum physical effects, LSPRs in nanostructures present another very interesting optical characteristic: their spectral tunability through the nanostructure AR. 8, 20 In particular, as recently reported for Au rods, 21, 22 this paves the way to controlling the coupling between LSPRs and d-electron excitations through geometry. Moreover, when the width of the elongated nanostructure reaches a critical value, the electron motion is practically confined along the rod axis. In this regime, the system cannot be considered as a three-dimensional one and, as a consequence, collective electron excitations can no longer be considered as surface modes.
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Lately, there has been an increasing interest in the modelling of the LSPR response of tiny noble metal structures by electromagnetics tools. Thus, it has been recently shown that sub-nanometric inhomogeneities in field-enhancement patterns in plasmonic gaps [24] [25] [26] can be described, at least qualitatively, through classical optics calculations. On the other hand, the physical mechanisms behind the failure of classical predictions for the LSPR frequencies in compact nanoparticles (with sizes in the ∼ 1-3 nm range) are well understood.
11,12,27-29
Nonetheless, a careful exploration of the actual capabilities and limitations of electromagnetics methods when applied to elongated noble-metal subnanometric structures is, to the best of our knowledge, still lacking. In order to fill this gap, we present a comparative study 3 of ab initio and classical optics (local and nonlocal) descriptions of the optical properties of noble-metal (Ag and Au) rods and chains of different sizes and ARs.
We develop a simple and intuitive link between quantum and classical descriptions of LSPRs, which allows us to define geometries (both shapes and dimensions) for the electromagnetics calculations in correspondence with atomistic structures having sub-nanometric lateral dimensions. Subsequently, we demonstrate the astonishing quality of the AR dependence of LSPRs as calculated by classical means in these quantum-sized systems, even in the quasi-one-dimensional limit. A direct comparison of LSPR frequencies and spectral strengths by both classical and ab initio descriptions reveals the influence of d-electron transitions in the plasmonic response of low-AR (quasi-spherical) structures. Finally, we investigate induced LSPR charge densities from classical and TDDFT calculations. This allows us to extend our comparative study beyond far-field characteristics and verify the validity of our findings also in the near-field regime. Apart from its evident methodological implications, our theoretical findings shed light on the interplay between collective and single-electron excitations in metallic nanostructures, a topic which is attracting much attention currently in various fields, including plasmonic-enhanced hot electron generation, 30 photocatalysis
31
and nano-scale heat sources.
32
Theoretical background. There is a wide range of tools for the theoretical description of LSPRs. The most suitable approach varies from case to case, depending on the geometry and size of the metallic structure and its environment. From an ab initio perspective, timedependent density-functional theory (TDDFT) 33 is the method of choice to study collective excitations in metallic nanostructures. 21, 29, [34] [35] [36] [37] [38] In TDDFT, the time evolution of the density of the many-electron system is obtained from a fictitious non-interacting one, the timedependent Kohn-Sham system, under the action of an effective time-dependent potential.
This potential is a functional of the electron density n(r, t) and, accounts for the non-local spatial and temporal response of the correlated many-body system. 39, 40 As long as collective excitations dominate the optical spectra, simple approximations like adiabatic generalized-gradient approximations (AGGA) suffice. 35 However, the AGGA exhibits problems in the descriptions of the d states, leading, in particular, to d-band energies too close to the Fermi energy, in part due to the incomplete cancellation of the electron self-interaction. The precise description of the delicate interplay between d-electron and collective excitations in coinage-metals requires more sophisticated functionals like the long-range-corrected hybrid functional LC-M06L. 41, 42 This problem has likewise been treated successfully using DFT+U calculations of the generation of hot carriers from surface plasmon decay.
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Application of TDDFT is limited to rather small systems having a number of electrons below ∼5000. Therefore, above this size limit we need a more tractable yet robust theoretical framework. Since LSPRs appear naturally as self-sustained solutions of Maxwell's equations, classical local optics provides the required accuracy in many cases. Within this framework, the existence of abrupt metal-dielectric boundaries is assumed, and the electromagnetic response of metallic regions is described in terms of their macroscopic dielectric function, bulk (ω). In the limit of small sizes and/or sub-nanometric radii of curvature, the non-local nature of the electromagnetic response becomes crucial. excited by a delta-impulse perturbing electric field δE(r, t) = E 0 τ 0 δ(t)e x , see Figure 1 , and the frequency-dependent absorption cross section is obtained from the Fourier transform of the induced time-dependent dipole moment
Here, c is the speed of light and δn(r, t) is the time-dependent induced density after the "kick". This induced density is computed through the solution of the time-dependent electrons are treated explicitly, whereas core electrons are described through norm-conserving
Troullier-Martins pseudopotentials. 58 The Perdew-Burke-Ernzerhof 59 (PBE) AGGA exchangecorrelation functional is used. However, as anticipated, the performance of this particular functional has to be carefully assessed. Figure In between, the definition of the boundaries of the rod geometry establishing the mapping between both levels of description is illustrated. The geometrical parameters are indicated: atom-atom distance, d 0 , and the cigar-geometry curvature radius and bulk length, r 0 and a, respectively.
at visible frequencies (up to 5 eV). 61 The proper modelling of the atomistic quantum-sized systems is achieved by defining the electromagnetics geometries through two parameters.
First, the AR = (a + 2r 0 )/2r 0 for the classical optics cigar is chosen to be the same as for the atomistic structures. Second, their volume, V , is set so that the number, N, of Drude electrons (expressed in terms of the fitted parameter for the plasma frequency) is equal to the number of s electrons in the TDDFT calculations. More details on the cigar geometry definition and optimization can be found in the SI.
Both local and non-local optics calculations for the rods' absorption spectra were per- 
is the longitudinal plasmon evanescent wave-vector expressed in terms of the bulk permittivity. Equation (2) gives the dispersion relation of the longitudinal plasmon modes within the bulk metal. In all our nonlocal hydrodynamic calculations, the convergence of results in the limit d → 0 was checked.
Absorption Spectra. Classical optics fails to accurately describe the ab initio spectra for compact low-AR structures in Figure 2 (N ≤ 37 atoms, AR< 2.9). This is expected, since genuine quantum observation similar to previous studies on linear hydrogen atomic chains. 62, 63 As in the case of the rods in Figure 2 , for Ag atomic chains the weak spectral deviations above ∼ 3 eV can be attributed to single electron-hole excitations owing to interband transitions. These spectral features are more apparent in Au chains, where the spectral weight of transitions involving d-electrons is comparable to those attributed to LSPRs. As discussed below, the predictive value of local electromagnetics calculations for high AR chains (for both Ag and Au) originates from their quasi-one-dimensional nature: electron motion in these systems is confined along the longitudinal axis. Therefore, the collective LSPR that dominates their absorption spectra cannot be regarded as a surface mode. [64] [65] [66] [67] We note that our hydrodynamic model was constructed to account for the impact of spatial nonlocality due to the optical excitation of three-dimensional (bulk) longitudinal plasmons, described by Equation (2), instead of one-dimensional ones. This explains the offset of nonlocal predictions in Figure 3 , significantly blue-shifted with respect to local optics and ab initio spectra.
The striking agreement between the absorption spectra for quasi-one-dimensional quantum systems and their three-dimensional local optics counterparts can be easily understood in terms of simple geometrical considerations. To a first approximation, we can take the analytical expression 68 for the lowest LSPR in ellipsoidal nanoparticles for our cigar geometries.
In the limit of large AR, we obtain
where ρ avg = πr 
Equations (3) and (4) describe collective excitations of different nature, but their remarkable similarity allows us to identify both of them. This also clarifies the unexpected agreement between TDDFT and local optics spectra in Figure 3 . Note that the equations above yield ω LSPR < ω 1D−dipole , which is also in agreement with the numerical spectra. Classical optics slightly underestimates the LSPR frequencies in the limit of very long chains (where the analytical expressions are valid), a deviation which, in principle, could be corrected through the appropriate one-dimensional nonlocal corrections.
As mentioned above, the TDDFT spectra for Au chains in Figure 3 indicate that quasione-dimensional collective excitations are not well resolved for N ≤ 12. In fair correspondence with the three-dimensional case, this effect can be directly attributed to the coupling of the collective mode with single electron-hole excitations. This coupling can be observed in detail in Figure 4 , where we show the variation of the absorption cross section normalized to N for different Au chains. For N = 18, the quasi-one-dimensional LSPR is well separated from the spectral region where single-electron transitions occur. As a consequence, it appears as a well defined absorption peak whose position is in good agreement with the one predicted classically. When decreasing the number of atoms, the lowest frequency maxima lose spectral weight. For N = 10, this resonance is fragmented and none of the local maxima can be interpreted as the collective LSPR excitation. However, Figure 4 demonstrates that classical optics describes a rough spectral average of the fragmented peaks. Finally, for the 6-atom chain, the lowest-frequency ab initio maximum is very weak, and the transfer of spectral weight to the region of electron-hole excitations is almost complete. Interestingly, a new LSPR frequency versus aspect ratio. As shown above, our combined ab initio and electromagnetics modelling of Ag and Au rods indicates that, through a careful mapping between atomistic structures and classical geometries containing a bulk permittivity, LSPRs can be quantitatively described by classical optics methods as long as they are free of inter- Induced density. To gain further insight into our results, we compare now the near-field characteristics of LSPRs, interpreted as collective dipolar surface modes, within the ab initio and classical optics frameworks. Specifically, we consider the cross-sectional integration of the resonant induced charge densities along the rod length (for 3D visualization cf., Ref.
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). This magnitude can be evaluated using TDDFT by exciting the atomistic systems , and a N = 18 purely one-dimensional system (bottom right). In all panels, the brown curve plots a snapshot of the TDDFT induced charge density along the normalized rod/chain length in units of electrons/Å. The orange curve renders the ground-state density profile, shown for reference. The violet and green curves in the first three panels show the induced surface charge distribution (in electrons/Å) obtained from local and non-local optics calculations, respectively. The insets show the time dependence of the driving laser (blue) and of the TDDFT induced dipole moment (red).
with a weak quasi-monochromatic laser field polarized along the rod axis (x-direction). The laser pulse has a sinusoidal envelope of finite duration, T , and its bandwidth is centered at resonance with the LSPR frequency: E(t) = E 0 e iω LSPR t sin (ω LSPR t/T )e x . In our calculations the envelope duration was set to 10 plasmon oscillations (T = 20π/ω LSPR ). The system is left evolving freely for a sufficient amount of time after the external driving laser is switched off. The cross-sectional-integrated charge density can be then evaluated from
where, ρ GS (x, y, z) is the ground-state density and ρ(x, y, z; τ ) is the time-dependent density at a time τ , longer than T , when the oscillation of the electron density is self-sustained.
Within the ab initio description, the induced charges spread across the rod's volume. By contrast, in the electromagnetics picture, they are confined at the metal surface: surface charges are located exactly at the geometric boundaries in the local optics treatment, whereas nonlocal corrections provide the charge distribution with a non-vanishing thickness. Taking this into account, we can estimate the induced charges using classical electromagnetics through the discontinuity in the normal component of the electric field. Explicitly, we can write
where, r(x) = y(x) 2 + z(x) 2 is the radial coordinate along the metal boundary, e(x) is the unit vector along the surface normal, and E out (x) and E in (x) are the electric fields outside and inside the cigar boundaries. Note that, taking into account the confined (extended) character of induced surface charges, E in (x) is evaluated exactly at (at a distance 1/q L from) the metal-dielectric interface in the local (nonlocal) calculations. III. This material is available online free of charge via http://pubs.acs.org.
